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Abstract: In recent years, there has been a growing interest in studying the trajectories of
microparticles inside living cells. Among other things, such studies are useful in understanding
the spatio-temporal properties of a cell. In this work, we study the stochastic trajectories of
a passive microparticle inside a cell using experiments and theory. Our theory is based on
modeling the microparticle inside a cell as an active particle in a viscoelastic medium. The
activity is included in our model from an additional stochastic term with non-zero persistence in
the Langevin equation describing the dynamics of the microparticle. Using this model, we are
able to predict the power spectral density (PSD) measured in the experiment and compute active
forces. This caters to the situation where a tracer particle is optically confined and then yields a
PSD for positional fluctuations. The low frequency part of the PSD yields information about the
active forces that the particle feels. The fit to the model extracts such active force. Thus, we
can conclude that trapping the particle does not affect the values of the forces extracted from the
active fits if accounted for appropriately by proper theoretical models. In addition, the fit also
provides system properties and optical tweezers trap stiffness.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Colloidal particles are widely used in various fields [1–7], including biophysics, due to their
ability to mimic biological systems [8–11]. In the field of biology, colloidal particles are used to
study the nonequilibrium dynamics in living cells [9,12,13]. One of the most important properties
of colloidal particles is their fluctuation behavior inside a living cell. The study of colloidal
particle fluctuations can provide valuable information about the physical and chemical properties
of the cell.

Several studies have been conducted to investigate the fluctuations of colloidal particles inside
living cells [12–19]. In one such study, researchers used the fluctuation-dissipation theorem to
analyze the Brownian motion of colloidal particles inside a living cell. The results of the study
showed that the fluctuations of colloidal particles inside the cell were significantly different from
the fluctuations of particles in a homogeneous fluid [12,20]. This difference was attributed to the
presence of the cell membrane, cytoskeleton, and other intracellular components. Viscoelasticity
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measurements reveal that the cell cytoplasm is a complex, heterogeneous, poro-viscoelastic
environment [21–25].

Another study used particle-tracking microrheology to investigate the mechanical properties
of living cells. The study focused on the fluctuations of colloidal particles inside the cell and
found that the fluctuations were influenced by the cell’s cytoskeleton [26–28]. The researchers
concluded that the cytoskeleton played a crucial role in determining the mechanical properties of
the cell. Further the cell is an active system and the active processes influence the fluctuation
dynamics of a colloidal particle suspended in the cell’s cytoplasm. Methods developed in [23,29]
make use of the generalised Maxwell’s model(Jeffery’s model) of viscoelasticity to model the
Brownian fluctuations of optically trapped probes inside a viscoelastic medium. This model
perfectly explains the experimental behaviour of tracer particles inside a cell in the frequency
range greater than 100 Hz where passive thermal fluctuations are larger than active forces.
However experimental signatures considerably deviate from the predictions of this model at
frequencies lower than 10-12 Hz where active forces are presumed to be dominant. Existing
techniques resort to active rheology to distinguish non equilibrium active dynamics from passive
thermal behaviour [13,20]. A recently developed method utilizes passive fluctuation time series
to understand active mechanics [19]. We attempt to define a model where the effective behaviour
of an optically trapped tracer particle under the combined action of thermal as well as active
forces inside a cell can be explained.

The motion of a passive particle inside a harmonic potential is given by the Ornstein-
Uhlenbeck process. However, the Ornstein-Uhlenbeck process assumes that the particle is in
thermal equilibrium with its surroundings, which may not be the case for microparticles inside
cells. To account for this, researchers have developed an extension of the Ornstein-Uhlenbeck
process known as the active Ornstein-Uhlenbeck particle [30,31]. The active Ornstein-Uhlenbeck
particle takes into account the fact that microparticles inside cells are subject to active forces,
such as those generated by molecular motors. These forces can cause the particle to move in a
non-random manner, which cannot be described by the standard Ornstein-Uhlenbeck process.
By incorporating active forces, this model can capture the non-random motion of particles and
provide insights into the underlying biological processes [32,33]. We use the active Ornstein-
Uhlenbeck theory [30,31] in combination with a previously utilisized Jeffery’s model or the
generalized Maxwell’s model [29,34–36] to make a fit to the power spectral density (PSD) of the
fluctuations of a passive tracer inside the cell cytoplasm. The high frequency behaviour gives
mechanical properties of the cytoplasm while the low frequency behaviour reveals the active
nature of the fluctuations. The cross over from active to passive fluctuations appears to happen
between 10 to 100 Hz of PSD. In addition, the high frequency part of the PSD provides the
optical tweezers parameters like local trap stiffness inside the cell which are notoriously difficult
to obtain otherwise.

2. Experimental system

2.1. Optical tweezers setup

The experiments are carried out with an inverted microscope configuration integrated with optical
tweezers setup built with Optical Tweezers kit, OTKB/M from Thorlabs. The schematic of the
setup is shown in Fig. 1(a). 1064nm beam from the laser source is passed through a polarising
beam splitter. This polarised laser beam reflects off a dichroic mirror inclined at 45°towards
the objective lens. We use an oil immersion, high numerical aperture(100X, 1.3NA, Nikon)
objective which besides tightly focusing the beam at the sample chamber, also serves for high
magnification imaging. At the sample plane, the highly focused IR beam can trap micron sized
particles. The forward scattered light along with unscattered fraction of the beam passes onto
the condenser. The outcoming light is reflected by another dichroic and passed through another
polarising beam splitter. A half wave plate is used to compensate for the phase changes due to
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the optical components.This mixture of forward scattered and unscattered polarised light from
the polarising beam splitter is detected by the Quadrant Photodiode(QPD). QPD is connected to
a Data Acquisition system (NI, USA) via a monitor. The DAQ is connected to a computer and all
measurements are acquired and recorded using a Labview program.

Fig. 1. (a) The schematic diagram of the experimental optical Tweezers setup. (b) shows an
enlarged depiction of the sample chamber where the cell is attached to the upper surface
of the sample chamber. Inside the cell, the cytoplasm is a complex environment having a
nuclear region, cytoskeletal mesh, inhomogeneous viscoelastic cytosolic fluid with various
organelles and proteins suspended in it. A particle phagocytosed by the cell is trapped at the
focus of a laser beam. (c) schematically shows the theoretical model, a particle is caged
within a mesh surrounded by a viscoelastic continuum (yellow shaded region). See text for
details.

2.2. Preparation of living cells and getting a microparticle inside them

This experiment is performed on breast cancer cells (MCF-7).Cells are initially maintained in
Dulbecco’s modified Eagle medium (DMEM) at 37 C with 5% CO2 in an incubator. Before
seeding the cells, the glass coverslips are cleaned with detergent and then by acid wash using
1M HCl. The cleaned coverslips are then coated with a thin layer of 0.5% (by weight) aqueous
solution of bacteriological gelatin (Thermo Fischer Scientific) to allow the cells to adhere to the
surface. To do this we place a drop of the gelatin solution at the centre of the coverslip, allow
it to spread, and then incubate it at 37 C for 1 hour. Cells are pelleted using a centrifuge and
then resuspened in DMEM with an approximate concentration ∼ 103 cells/ml. A drop of the cell
suspension is placed at the centre of the gelatin coated coverslip and placed in the incubator and
wait for the cells to attach. Once the cells attach to the glass surface, the coverslip is washed with
phosphate buffered saline solution. Sufficient amount of fresh media mixed with a concentrated
suspension of 1µm sized polystyrene microparticles are added to the petridish containing the
seeded coverslip. It is incubated at 37 C with 5% CO2 for 24 hours till the cells attain about 70%
confluency and have ingested the microparticle via phagocytosis.
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2.3. Experiment

Cells maintained in DMEM media are placed in the sample chamber. Sample chamber is
constructed by placing another glass coverlip on the coverslip containing MCF-7 cells. It is
then placed between the condenser and objective on the sample stage. The sample chamber is
placed in inverted position such that the cells are attached to the upper surface of the sample
chamber(Fig. 1. (b)). 1064nm laser is focussed on the sample chamber through the objective.
The sample stage can be moved in X,Y and Z direction. Particles inside the living cell are
brought at the focus of the laser to trap it. Laser power is maintained at about 50mW at the
sample plane, which has been focused with an objective of numerical aperture 1.3, such that
the spot diameter is diffraction limited at about 1 µm. We limit the laser exposure to not more
than 1 minute at each location inside the cell, thereby reducing chances of heating. It is known
in the community that laser powers in excess of 100 mW start to heat up the cells significantly
[37]. Forward scattered light from the sample plane is collected by the condenser and split
into two orthogonal components by the polarising beam splitter. Forward scattered intensity of
the transmitted component of light is detected by the quadrant photodiode(QPD). A half wave
plate is placed before the polarising beam splitter to ensure that light falling on QPD has same
polarization as the incoming beam. Time series and its Fourier Transforms (Power Spectral
Densities or PSD) for translational fluctuations are recorded with the Labview program from the
signal from the QPD at a sampling rate of 40kHz.

3. Results and discussion

3.1. Theory

3.1.1. Model

One of the challenges in studying colloidal particles in living cells is the viscoelastic nature
of the intracellular environment. The viscoelasticity of the medium can affect the behavior of
colloidal particles inside the cell and must be taken into account when analyzing their fluctuations
[38,39]. Another crucial feature of the intracellular environment is the activity which affects the
fluctuation and response of a microparticle embedded into it. Techniques such as particle-tracking
microrheology have been developed to measure the mechanical properties of the cell and provide
insights into the behavior of microparticles in such active environment [18,40–44]. We model
a fluctuating trapped microparticle inside a cell as an active particle in a viscoelastic medium
[13,30,31,45] enmeshed within a cytoskeletal cage (Fig. 1(c). The equation of motion of the
optically trapped microparticle located at a point x(t) at time t is given in terms of the following
Langevin equation: ∫

γ(t − t′) ẋ(t′)dt′ = −κ x(t) + fa(t) + ζ(t), (1)

where ζ is a stochastic thermal force, which is a Gaussian colored noise with correlations
Cζ (t) ≡ ⟨ζ(t)ζ(0)⟩ = 2kBT ℜ[γ(t)], as given by fluctuation dissipation theorem [46] and fa is the
active force, described below (Eq. (4) and (5)), and κ is the stiffness of the optical trap which
depends on the intracellular environment. Here ℜ[. . .] denotes real part of a complex number,
kB is Boltzmann constant and T is the bath temperature and γ is the frequency-dependent friction.
The friction is obtained in terms of the viscosity µ in an incompressible, low Reynolds number
viscoelastic fluid obtained from Stokes-Oldroyd-B model. The viscoelasticity of the intracellular
environment is assumed to be the contribution of protein polymers suspended in a purely viscous
solvent. The frequency dependent viscoelasticity µ is given as [23,25,29],

µ(ω) = µs +
µp

−iωλ + 1
. (2)
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Here ω is the frequency, µs is the zero-frequency solvent viscosity, µp is the zero-frequency
polymer viscosity and λ is the polymer relaxation time scale. Thus, we have:

γ(ω) = γ0

[︃
1 +

µp

µs (−iωλ + 1)

]︃
(3)

and γ0 = 6πµsa0. Here, a0 is the radius of the spherical tracer particle. The dynamics of the
active force fa is given as:

τḟa(t) = −fa + f0
√

2τξ. (4)

Here ξ is a white noise, while τ is the persistence time. The persistence time τ in this model
sets the exponential decay of the two-point correlations:

CA(t) ≡ ⟨fa(t) fa(0)⟩ = f 2
0 e−|t |/τ = γ2

av2
0e−|t |/τ . (5)

Thus, the active force fa can be viewed as a fluctuating force acting on the microparticle
from the intracellular medium exerting an active drag γa and v0 being the active velocity of the
particle. The burst of active force acts in a way to restructure the local potential formed by the
optical trap and the cytoskeletal cage, causing the particle to move to the minima (red parabola in
Fig. 1(c)). Unlike the fluctuating force from the thermal bath, this force has some persistence
with a decorrelation time τ. Thus, the motor-driven active fluctuations of microparticles in the
intracellular medium is modeled using the the active force fa. We note that such a method to
model stochastic active force fa as an additional noise with some persistence has been used before
to study trajectories of a passive tracer inside a cell [9,20] and also in the context of the motion of
active particles [30,31]. We now use the model described above to obtain an explicit expression
of the PSD (power spectral density) from fluctuating trajectories of microparticles and compare
it with experimental data.

3.1.2. Power spectral density (PSD)

The PSD of the dynamical system defined in Eq. (1) is:

PSD(ω) = Cx(ω) = ⟨x(ω) x∗(ω)⟩ . (6)

Here x(ω) is the Fourier transform of x(t), while x∗(ω) is the complex conjugate of x(ω). The
expression for x(ω) follows from a expansion of Eq. (1) in Fourier series. Explicitly, it is given as

x(ω) =
fa(ω) + ζ(ω)
−iω γ(ω) + κ

(7)

Using the above form of x(ω), the explicit expression of the PSD is obtained as:

PSD(ω) = β2
Sa

(︃
1 + ω2λ2

1 + ω2τ2

)︃
+ A

(︂
ω2 +

p
λ2

)︂
(︂ q
λ
− ω2

)︂2
+ ω2

(︂
q +

p
λ

)︂2 + y0. (8)

In the above, a constant y0 is added to the power spectra density to account for the system noise
floor, while β is a calibration factor. The remaining factors are described below:

Sa =
2f 2

a τ

γ2
0λ

2β2
, (9)

A =
2kBT
γ0β2 , (10)
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p = 1 +
µp

µs
, (11)

q =
κ

γ0
. (12)

The factor A can be calculated from the room temperature and viscosity coefficient of water at
room temperature, as we describe below. The above expression has been used to compare with
experimentally measured PSD. We find very good agreements as shown in Fig. (2) and Fig. (3).
In systems where active force fa = 0, Eq. (8) takes the form of Eq. (13), given below, which is the
form for PSD for pure Brownian motion in viscoelastic medium as obtained in [29]. We denote
this as PSDeqm, whose explicit form is:

PSDeqm(ω) = β2A

(︂
ω2 +

p
λ2

)︂
(︂ q
λ
− ω2

)︂2
+ ω2

(︂
q +

p
λ

)︂2 + y0. (13)

We note that the above expression has been generalised to non-equilibrium settings in Eq. (8).
From Eq. (13), the parameter β can be computed using:

β2 =
2kBT
γ0A

. (14)

The coefficient A is the amplitude of the fit to the PSD using Eq. (13). The β coefficient
provides the calibration factor which when multiplied with the the fluctuation amplitude in Volts,
provides a value in nm.

Fig. 2. (a) Experimentally obtained PSD for a particle inside the cell is shown in pink.
The same PSD is block averaged logarithmically with a base of 2 and fitted to theoretical
expression of Eq. (8). (b) shows that the ratios of the theoretical and experimentally obtained
block averaged values which implies that the theory agrees well with the experimental values

3.2. Experimentally measured PSD

We then go on to fit the PSD function given in Eq. (8) to the experimentally obtained data.
Since there are 6 parameters in the Eq. (8), we use a two step fitting routine. The passive
thermal fluctuations dominate in higher frequency regions whereas active fluctuations come to
prominence at lower frequency region. However the exact threshold where the crossover from
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Fig. 3. (a)-(d) show PSDs measured for optically trapped particles inside different cells.
Thermal passive fit is shown in black solid line considering fa = 0. Blue dotted line shows
the fit according to Eq. (8) considering both thermal and active fluctuations. The noise floor
is shown in grey in (d) which accounts for spectra outside the cell devoid of activity

active to thermal dominance take place is imprecise and may differ from cell to cell depending on
the external and internal condition of the cell. We find that almost always the activity of the cell
goes to 0 in excess of 100 Hz [20]. Even amongst these, for many cells, the activity only extends
till 10 Hz [47]. This is why, we mention that the transition happens between 10 Hz and 100 Hz.
We choose a value of 20 Hz as the transition point. We therefore first fit the thermal spectrum to
the PSD beyond 20 Hz by taking the active force fa = 0 which reduces the function to Eq. (13) 4
fitting parameters, viz. β2, p, q and λ as has been reported earlier [23,25,29]. The parameter
p is proportional to the ratio of polymer to solvent viscosity at 0 Hz and q gives an estimate
of the local trap stiffness κ inside the cell. We then go on to lock the 4 passive parameters at
these obtained values and then fit the PSD over the entire frequency range from 1Hz to 3 kHz
with Eq. (8) to ascertain all the parameters. The results are shown in Fig. 2(a), where we have
block averaged the experimental data and fitted to the function. In order to estimate the quality of
the fit with respect to the experimental data, we also take a ratio of the experimental data to the
theoretical data and plot it in Fig. 2(b).

We also show a few typical fits in the Fig. 3. The black solid lines show the passive thermal
region where fa=0. The deviation of the black solid lines from the experimental data shows
the frequency domain where active fluctuations overcome thermal fluctuations. Blue dotted
lines show the theoretical active region of the PSDs. It can be seen that the crossover from
active to passive region do not occur at any definite frequency but varies from 5Hz (Fig. 3(a))
to 10Hz (Fig. 3(b)-(d)). We assume that the fit to the active region of the spectrum shall have
the same mechanical parameters, namely p and λ, as the thermal region of the spectrum as its
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the local property of the cytoplasm. While estimating the noise floor, the laser beam was made
incident in the same fashion as while trapping but without the presence of the particle. This gives
information about the laser noise and detector noise in the system.

We go on to compare the power law in the active region of the spectrum and compare with
previously known facets. We find that the active region of the spectrum matches well with an
exponent of -2(Fig. 4), as has been reported earlier [19,48]. Moreover, although we expect the
PSD to form a plateau at low frequencies, it might actually be forming at an even lower frequency
than has been detected in our measurements.

Fig. 4. The frequency regime from 1Hz to 10 Hz shows dominance of active motion. The
PSD follows a power law of -2 with respect to frequency ω

We find a good fit to of the experimentally obtained PSD with that of the fit function. We
then extract the parameters of the system from the fits and plot the distribution of the values in
Fig. 5. We show measurements for 15 different cells, taken close to the periphery. The error bars
have been propagated from the errors in the fit parameters. We find that the active forces range
from 0.05 pN to about 1 pN, well compatible with the reports that it could either be molecular
motor dynamics dominated like the myosin motors which apply 0 to 4 pN forces [20,49–52] or
could be the activity of the mechano-enzymes [48]. The actual mechanism might require more
investigation.

Thus, by using this technique, the active forces measured are well compatible to the previously
obtained values even with the optical tweezers confining the probe particle. The time constants τ
provide information about the time scales over which the active forces act on the probe in the
presence of the optical confinement. Our model automatically accounts for reduction in the
fluctuations. We simultaneously find the cellular and optical tweezers parameters which can then
be used to accurately apply controlled forces. We can envisage a situation where controlled forces
can be applied to organelles. More sophisticated force application strategies could influence
developmental biology problems like influencing fluid flows [53]. The exact implementation of
the application of forces is however beyond the scope of the present manuscript.

Since the cells used in the experiment are alive, there is a lot of variability in the parameters
ascertained. Even inside the same cell, the different regions may have different parameters. In
fact, the same particle trapped in the same location of the cell might exhibit different power
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Fig. 5. Statistics of (a)-(c): Passive Parameters. (d)-(e): Active parameters measured for
particles in 15 different cells, where the particles were close to the periphery of the cell.

spectrum due to the health of the cell, as has been reported in [25]. Merely tracking a particle
trapped inside a cell at the same location, first immediately after placing it on microscope and
then after a span of like 30 min changes the viscosity of the cytosol by almost a factor of 2. We
report 15 events from 15 different cells, but highlight that these fit with the same expression for
PSD. Variations due to the age, cell cycle, spatial region inside the cell and other factors are a
matter for future research.

4. Conclusion and perspectives

In conclusion, modelling a microparticle inside a cell as an active particle is a powerful tool
for studying the dynamics of microparticles inside cells. Its ability to account for active forces
provides a more accurate description of the motion of these particles and allows researchers
to gain a deeper understanding of the biological processes at work [9].We combine the high
frequency fits to the passive thermal motion using microscopically derived generalised Maxwell’s
model with the Ornstein-Uhlenbeck model for activity to make a two-stage fit to the active and the
passive processes. These studies have improved our understanding of the complex nature of living
cells and can potentially lead to the development of new diagnostic tools for various diseases.
There can be complementary strategies to cross-check the validity of the PSD technique utilized
in this paper, such as, calculating the mean square displacement (MSD) and even invoking the
rotational modes simultaneously to find correlations. However, both the exact derivation of such
entities and their usage to study the fluctuations in the different modes is beyond the scope of the
present manuscript. Indeed, these suggest exciting directions for further study.
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